This paper describes a recent investigation of the helicopter/ship dynamic interface, in which pilot workload is examined using a novel coupling of flight dynamics and CFD analysis. This fully coupled method uses preexisting flight dynamics and CFD analysis codes, running concurrently; the two codes share data, with the flight dynamics code providing position and loading data and the CFD analysis code providing local velocity data. Results obtained using the fully coupled method are compared to results with no coupling, one-way coupling, where the flight dynamics code uses precalculated airwake solutions, and flight test data. Analysis of the time history and frequency domain results and the CFD solutions shows that the one-way coupling method can predict a level of pilot workload equal to or greater than that of the fully coupled method for the cases simulated. The addition of the rotor downwash to the CFD solution in the fully coupled method shows that vortices in the airwake that have a significant effect in one-way coupling may have either a similar effect or a lessened effect if the vortices are pushed away from the helicopter.
I. Background
hipboard operation of rotorcraft remains a topic of significant interest to both civilian and military operators, particularly in the launch and recovery regimes where the rotorcraft is in close proximity to the ship and its resultant airwake. Due to the combination of a moving ship deck and an unsteady, highly turbulent ship airwake, pilot workload for a rotorcraft operating in the vicinity of a ship can be very high, as shown in numerous simulation studies. [1] [2] [3] [4] [5] However, in these studies (as well as numerous others for various types of ships, including amphibious assault ships [6] [7] [8] , aircraft carriers 9 , and destroyers 10, 11 ), the flowfield of the ship airwake is precalculated using a model based on CFD analysis; thus the flow is not affected by the presence of the rotorcraft. This one-way coupling of the aerodynamic interactions between the downwash of the rotorcraft and the ship airwake is somewhat questionable due to the nonlinear, unsteady nature of both the ship airwake and rotorcraft dynamics, which invalidates the principle of superposition. Other research efforts have examined the effects of unsteady airwakes on pilot workload by analyzing flight test data 12, 13 or wind tunnel tests
II. Objective
In this paper, the effects of the coupled ship/rotorcraft aerodynamic environment on pilot workload will be examined. Specifically, three different models of the aerodynamic environment will be analyzed:
1. No coupling (no airwake model). 2. One-way coupling. 3. Full coupling.
In the no coupling case, only a constant wind is included in the flight dynamics simulation; the CFD calculations are not used. Instead, the flight dynamics code computes the rotor downwash using the Pitt-Peters inflow model. 19 Ground effect is included in the model, although atmospheric turbulence effects are not included. For the one-way coupling case, the ship airwake is calculated a priori using CFD analysis of the flow field around the ship without the rotorcraft present. The airwake data is then stored and later incorporated into the flight dynamics code as external disturbances; these external disturbances then affect the local velocities at each of the rotorcraft components (main rotor blade elements, tail rotor, fuselage, empennage, etc.), which in turn affect the total forces and moments on the rotorcraft. Thus, the effects of the ship airwake on the rotorcraft response are simulated, but the effects of the rotorcraft on the ship airwake are ignored.
The full, or two-way, coupling method, which has been developed by the authors in a previous paper 18 , uses the CFD code and flight dynamics simulation running concurrently. The flight dynamics code calculates the location and orientation of the aircraft and main rotor (at present, only the main rotor is included in the coupled CFD analysis), as well as the loading on each rotor blade, and communicates this data to the CFD code. The CFD code then computes the local air velocities at the rotor and over the body of the aircraft and sends this data to the flight dynamics simulation, effectively providing both a ship airwake model and a dynamic inflow model, including ground effect. The entire process is shown in flowchart form in Figure 1 .
For all of these cases, the CFD analysis is performed using an existing code that is capable of calculating ship airwakes 8, 20, 21 , which has been modified to include source terms that model the induced flow due to a lifting rotor. The flight dynamics simulation code models a UH-60A Black Hawk helicopter 22 ; this code has also been modified to incorporate external flow disturbances from CFD solutions. 5 Since the simulations will not run in real-time, a pilot model is used to simulate desired trajectories. The pilot model for this study is designed using optimal methods as described in Refs. 4 and 5, and is gain-scheduled with airspeed (e.g. a separate pilot model is designed for airspeeds ranging from hover to the helicopter's maximum airspeed in increments of 10 knots) to allow for operation over the entire flight envelope of the rotorcraft. 
III. CFD Methodology
In this study, viscous effects were neglected and Euler equations were used to define the flowfield. Rotor modeling was performed using momentum sources which were added to momentum and energy equations. The magnitudes of these source terms were computed using the loads obtained from the flight dynamics code. Numerical solutions were obtained by modifying the in-house computational fluid dynamics code PUMA2. In order to reduce the CPU time and memory requirements parallel processing with MPI was used. 23 PUMA2 uses a finite volume method to discretize the governing equations. The effect of the rotor has been included in each computational cell as a force-per-unit volume term. This model does not require a well-defined rotor plane inside the computational mesh; therefore, source terms can be easily moved inside the domain to simulate rotor motion. The method can also be used for more than one rotor simultaneously, allowing for analysis of multiple rotors. PUMA2 was also modified to include atmospheric boundary layer and atmospheric turbulence effects which may be important when the rotorcraft is in ground effect or in the vicinity of a ship.
The integral form of the Euler equations with the rotor thrust term can be written as follows:
where ρ is the fluid density, V is the flow velocity vector, p is the static pressure, E is the total energy per unit mass, H is the total enthalpy per unit mass, and T is the rotor thrust vector. Rotor thrust is defined as:
Here f is thrust per unit volume, which represents the effect of rotor thrust on each computational cell. In this model f is defined as:
where F jk is the force per unit length computed at a blade segment, ∆R jk is a finite segment length, k is a decay factor, c is the constant chord length of the blades, and r is the distance between blade segment and computational cell. In the above relation, Nblades and Nsegment stand for number of blades and number of blade segments respectively. In Eq. (5), k is selected such that the effect of a blade segment on a computational cell drops to 0.1% when the cell is a chord length away from the segment.
In this study, the mean flow was assumed to be inviscid, but atmospheric turbulence effects were added to the solutions by generating perturbation velocities in the flow domain. This was performed by placing momentum sources at the desired locations of the domain. Just as in the rotor modeling, these sources introduced a force-perunit volume term to each computational cell and the magnitudes of these sources were adjusted so that the desired perturbation velocities would be obtained at the desired locations. In this study, perturbation velocities were defined using the following relations similar to the definition given in Ref. 24 .
where u', v', w' are perturbation velocities; T u , T v , T w , are turbulence intensities; and L u , L v , L w are characteristic lengths in the x-, y-, and z-directions respectively. In the relations, V ∞ is the freestream speed and t is time. Here turbulence intensities and characteristic lengths can be obtained from turbulence measurements. The difficult part here was to define the source terms which would yield the perturbation velocities given in Equations (6), (7), and (8).
Equation (2) can be rewritten in differential form for three coordinate directions as follows:
where u, v, w are instantaneous velocity (mean flow + perturbation) components, and f x , f y , f z are the force-per-unit volume terms in the x-, y-, and z-directions. If the mean flow is assumed to be uniform with no pressure gradient and perturbation velocities only change temporally, then the above equations simplify to the following relations.
Substituting Equations (6), (7), and (8) into (12), (13), and (14), the magnitude and frequency of the source terms were obtained. In this study, the procedure described above was used to compute the perturbation velocities due to atmospheric turbulence. Although the assumptions given above did not correspond to the flow cases analyzed here, we believe that they might provide us a good preliminary insight about the effects of atmospheric turbulence.
IV. Results

A. Hangar Airwake Hover Results
In order to examine the effects of airwake coupling on pilot workload, it is helpful to first compare the simulation results against flight test data. For this study, the baseline case was described in Reference 12, in which a UH-60A helicopter hovers in the airwake produced by a 16-knot wind passing over an aircraft hangar at San Francisco International Airport. The case of a UH-60A hovering in the hangar airwake was also previously analyzed in Ref. 18 ; however, atmospheric turbulence was not included in the CFD solution. The numerical solutions presented there did not generate the expected unsteady disturbances. 18 Therefore, in this study, atmospheric turbulence effects were introduced to the flowfield by placing momentum sources along a vertical plane passing through the front face of the hangar. Turbulence was assumed to isotropic in that the turbulence intensity is same in all directions. Turbulence intensity value and characteristic lengths were taken from Ref. 25 .
Three runs of this hover case were simulated: one run with no airwake coupling, one run with one-way airwake coupling, and one run with full CFD/flight dynamics coupling. For the three simulated cases, the helicopter was initially located at the top rear of the CFD grid; a defined trajectory was used to have the helicopter descend and move forward from its starting location to the point of interest 100 feet away the hangar at an altitude of 35.5 feet (which puts the rotor disk at approximately the same altitude as the roof of the hangar). This approach and descent trajectory was chosen so that the rotor wake would not affect the initial formation of vortices at the front of the hangar. Figures 5 and 6 show time history results of helicopter position and attitude for all three simulation runs and the flight test data. The hover position of the helicopter is maintained within a tolerance of approximately 5 feet in all three axes; for the flight test, the pilot provided sufficient compensation to maintain this tolerance and in the simulations, the pilot model was designed to hold roughly the same tolerance. The helicopter roll attitude has approximately the same value (within one degree) for all three simulation runs and the flight test; the roll oscillations are larger for the one-way coupling case and flight test. The average pitch attitudes are also within one degree of each other for all four cases; again, the oscillations are larger for the one-way coupling case and flight test. The heading for the three simulation runs is held to within one degree (for the no coupling and two-way coupling cases) and four degrees (for the one-way coupling case) of the trim value of 270 degrees (due west). For the flight test, the heading is held to within four degrees of the trim value of 264 degrees. The heading difference for the flight test is due to the fact that the wind direction during the flight test was reported as 260 degrees, not 270 degrees, which was used in the simulation runs. Thus the aircraft was trimmed in a slight left sideslip in the flight tests, but was aligned with the predominant wind in the simulations. Figures 7 and 8 illustrate the time history of the pilot controls. Average control positions for the three simulation runs are similar, with the exception of collective pitch, where the two-way coupling case trim value is approximately 10% lower (although this does match the response from the flight test). As with the helicopter position and attitude, the oscillations for all four control axes are larger for the one-way coupling case compared to the other two simulation runs. The reason for this was described previously with the CFD solution; the vortices shed from the edge of the hangar have a much greater effect on the helicopter in the one-way coupling case, since the vortices are pushed away by the rotor downwash in the two-way coupling case. Therefore, the average control positions are approximately equal, but the oscillations (caused by the shed vortices) are greater with one-way coupling, lesser with two-way coupling, and nonexistent for the no coupling case.
The trim values of lateral cyclic and pedals are somewhat different for the flight test data; this is because the flight tests appear to have been performed in a left sideslip relative to the predominant wind, which would require more right pedal and left lateral cyclic to trim. Otherwise, the trim longitudinal cyclic and collective stick positions in flight test match fairly closely with the simulation runs. Figures 9 and 10 show autospectra of pilot (or pilot model) control activity obtained using CIFER®. 26 As expected, the no coupling case has the least activity for all frequencies and control axes. For low frequencies (up to 7-8 rad/s), the control activity is similar for the two cases with coupling, although the one-way coupling case is slightly higher; this is due to the fact that the vortices shed from the hangar have a greater effect on the helicopter flight dynamics for the one-way coupled case, as detailed above. For higher frequencies, the two coupling cases have approximately the same level of control activity, even coming close to the levels of the no coupling case. The flight test results are similar to the simulations at low frequencies, but at higher frequencies (above 1 rad/s), control activity is higher for the flight test. A possible reason for this is the fact that a human pilot constantly makes slight, higher frequency control adjustments, while the pilot model only adds as much control as is necessary, resulting in higher control activity for the human pilot. 
B. LHA Approach Results
The second series of airwake results is designed to replicate an actual maneuver performed by a rotorcraft operating from a Tarawa-class (LHA 1) amphibious assault ship. In this maneuver, described in Ref. 4 , the helicopter approaches the stationary LHA from the port side at a 45 degree angle until the helicopter is over the deck; the helicopter then turns 45 degrees to port in order to align itself with the ship and then goes into a stationkeeping mode over a particular spot on the LHA (in this case, Landing Spot 8, which has been shown to be a location where high pilot workload occurs 1 ). The ship is stationary, and the airwake condition for these runs is a 30-knot wind with 30 degrees WOD (wind over deck), meaning that the wind comes from a heading 30 degrees starboard of the ship's bow. As with the hangar airwake, results were obtained for the no coupling, one-way coupling, and two-way coupling cases. Actual flight test data from the JSHIP program 4 is again included with the simulation results for comparison. Figures 11-13 show vertical velocity contours on a plane passing through Landing Spot 8 (the left half of the deck). The contours are shown for the one-way and two-way coupling cases at 4-second intervals from 4 seconds to 24 seconds. As was the case with the hangar airwake, the main difference between the two coupling cases is the presence of the rotor downwash for the two-way coupled case. Since there is no flow over horizontal cliff-edges (such as the edge of the hangar) in the vicinity of the helicopter, there are no shed vortices whose rotation axis is parallel to the ground. There are, however, horizontal edges on the island of the LHA that do shed vortices with a vertical axis of rotation. These vortices trail back from the edges of the island at the 30-degree WOD angle, coming very close to Landing Spot 8, which is the reason why this spot results in high pilot workload. Figures 18 and 19 are autospectra of pilot (or pilot model) control activity obtained using CIFER®. 26 As was seen in the hangar runs, the no coupling case has the least activity for all control axes and the flight test generally has the most activity for the same reasons described earlier for the hangar airwake control autospectra. For all four control axes, the autospectra of the one-way and two-way coupling cases match very closely at all frequencies, with the two-way coupling case generally having slightly higher control activity. The vortices shed from the vertical edges affect the flowfield in both coupling cases since the rotor downwash does not push the vortices away from the helicopter because the rotation axis is vertical, not horizontal as in the hangar airwake. 
V. Conclusions
In this paper, the effects of the helicopter/ship dynamic interface on pilot workload have been explored. Pilot workload was simulated using a pilot model for three conditions: no coupling, one-way coupling (which uses precalculated CFD data), and two-way coupling (which uses a new method in which flight dynamics and CFD analysis codes run concurrently). Results were obtained for two scenarios: hover in the airwake of an aircraft hangar and approach to a Tarawa-class (LHA 1) amphibious assault ship. These results were compared with flight test data.
For the hangar case, discrepancies were noted between the time histories and control activity autospectra of the one-way and two-way coupled runs. It is apparent from the flight test data that the hangar airwake was producing much larger unsteady disturbances than seen in the simulation, and the two-way coupled solution underpredicts the disturbances even more than the one-way coupled solution. Upon examination of the CFD solutions, it was found that in the two-way run the rotor downwash causes the vortices shed from the horizontal edge of the hangar to be forced down and away from the helicopter, thus lessening the vortices' influence on flight dynamics.
The coupled runs for the LHA approach matched the flight test much more closely. The one way and fully coupled cases resulted in similar predictions of workload, with a slightly improved prediction of pilot workload in the fully coupled solution. The similarity in the one-way and two-way solutions appears to be because the vortices shed from the vertical edge of the ship's island were not affected as much by the rotor downwash.
Specific conclusions that can be made from the results of this study include the following: 1. The one-way coupling method, which uses precalculated CFD airwake solutions, is faster and more flexible than the two-way coupling method, in which CFD analysis and flight dynamics codes are tightly integrated to exchange data at each time step, but this approach may be inaccurate in cases where there is strong interaction between the airwake and the rotor downwash. 2. The two-way coupling method should result in improved fidelity due to the addition of the rotor downwash in the CFD solution. However, we were unable to conclusively demonstrate this improvement in our current calculations. In the hangar airwake simulations, the two-way coupled solution did show that the rotor downwash had significant effect on the airwake disturbances, but the downwash influence actually caused larger discrepancies with the flight data and underprediction of pilot workload. It is possible that these interactions are highly sensitive to environmental conditions and relative locations of the rotors, the structure producing the airwake, and the ground plane. Further investigation is warranted. 3. The accuracy of the results obtained using either coupling method is affected by the structure of the airwake being simulated; an airwake containing vortices with a horizontal axis of rotation (and resulting vertical velocity disturbances) will be greatly affected by the rotor downwash, which primarily affects vertical velocity, while an airwake containing vortices with a vertical axis of rotation (and resulting horizontal velocity disturbances) will not be affected as much by the rotor downwash.
